| INTRODUCTION
Women with angina pectoris and no obstructive coronary artery disease (CAD) have an increased risk of major adverse cardiovascular events compared with an asymptomatic, healthy reference population. 1 Coronary microvascular dysfunction (CMD) is increasingly recognized as a potential cause of angina in these patients. However, knowledge of the linkage between CMD and myocardial structural and functional alterations remains limited. 2 Coronary microvascular dysfunction (CMD) includes an abnormal regulation of the coronary circulation in response to increasing oxygen demand that may contribute to myocardial ischemia. The coronary microcirculation regulates myocardial perfusion via nonendothelial and endothelial-dependent pathways, with the latter being determined by mainly intra-luminal coronary pressure and myocardial metabolic activity. 3 The nonendothelial aspect of the coronary microcirculation can be determined by assessment of the coronary flow velocity reserve (CFVR). 4 Impaired CFVR is associated with cardiovascular risk factors [5] [6] [7] [8] and is a robust predictor of adverse prognosis in various patient populations. 5, [9] [10] [11] [12] It has been suggested that CMD can cause left ventricular (LV) diastolic dysfunction and contribute to development of heart failure with preserved ejection fraction but limited data exist in support of this hypothesis. [13] [14] [15] [16] [17] Further, it is unknown whether CMD affects LV systolic function. Speckle tracking-derived global longitudinal strain (GLS) determined by transthoracic echocardiography can detect early LV dysfunction at rest and provides incremental information compared with traditional measures such as LV ejection fraction (LVEF). Global longitudinal strain (GLS) is a marker of future cardiovascular adverse events in both community-based cohorts and in patients with existing cardiovascular disease. 18, 19 Global longitudinal strain (GLS) reserve measured by dipyridamole-induced stress is a novel measure that gives insight into the LV contractile reserve with potential prognostic value, 20 and measurement of GLS reserve has been introduced in guidelines for the clinical use of stress echocardiography. 21 We investigated whether CMD was associated with LV systolic and diastolic function assessed by echocardiographic parameters at rest and during dipyridamole-induced stress in women with angina and no obstructive CAD.
| METHODS

| Population
The study population consisted of participants from the prospective 
| Echocardiography
As part of the prospective iPOWER cohort study, participants underwent a standard resting transthoracic echocardiography at baseline using GE Healthcare Vivid E9 cardiovascular ultrasound system (GE and LAVI >34, or E/eʹ >12.
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The two-dimensional images of the LV in apical long axis, two-, and four-chamber views were acquired at frame rates between 60
and 90 frames/s adjusted as close to the participants' heart rate as possible. Global longitudinal strain (GLS) was measured using software for speckle tracking analysis (Q-analysis, GE EchoPAC v.112).
The LV endocardial border was traced in all three views, and the automatically created region of interest was manually adjusted to the endocardium until tracking was considered optimal. Segments were discarded if tracking was persistently poor after readjustment of the region of interest. Subsequently, deformation parameters were automatically obtained for all accepted LV segments. Aortic valve closure was defined in the tissue Doppler imaging view as a characteristic shift from positive to negative velocity of the basal septal wall movement.
For this study, GLS was calculated as the average of all accepted segmental values of end systolic strain. 25 Moreover, strain rate segmental values were averaged. The intra-observer repeatability of the examinations in 9 healthy individuals was reasonable with a coefficient of variation of 8.96 (−3.80; −14.15) at rest. We have previously reported good inter-analyzer reproducibility for GLS obtaining a coefficient of variation of 6.5%. 22 In a subanalysis testing robustness of results, only 3 discarded segments were permitted according to recommendations in guidelines. 25 Furthermore, we performed separate analysis using peak longitudinal strain and strain calculated by the EchoPAC program algorithm (GE EchoPAC v.112).
Left ventricular ejection fraction (LVEF) was acquired as a semiautomated biplane calculation (Auto-EF tool, GE EchoPAC v.112).
| Dipyridamole stress examination
Participants were instructed of rules concerning abstinence before CFVR measurement described in detail in previous publications. 4, 8 Participants underwent a transthoracic Doppler echocardiography of the left anterior descending artery (LAD) during rest and high-dose intravenous dipyridamole stress (0.84 mg/kg) over 6 minutes to obtain coronary flow velocities (CFV) at baseline and at maximal hyperemia using a 2.7-8 MHz transducer (GE Vivid 6S probe, GE Healthcare) as previously described. 4, 8 Coronary flow velocity reserve (CFVR) was calculated as the ratio between peak diastolic CFV during stress and during rest. Two independent experts double read measurements. We have previously reported a more detailed description of the CFVR measurement. In our previous validation studies, the same observer repeated TTDE CFVR examinations in 10 young, healthy individuals, and 10
women from the iPOWER cohort. We found no systematic differences between first and second measurements, Bland-Altman limits of agreement (2*SD) of 0.44 (95% CI 0.21;0.68) and 0.44 (95% CI 0.21;0.68), respectively, and an intra-class correlation coefficient of 0.97 (95% CI 0.92-1.00) and 0.90% (95% CI 0.78%; 1.02), respectively. 4, 8 In a subsample of 50 participants from the iPOWER study, CFVR readings for the 2 observers were highly reproducible with a coefficient of variation of 2.9%. 22 Coronary flow velocity reserve (CFVR) measurements were evaluated in regard to quality for subanalysis. 4 Coronary microvascular dysfunction (CMD) was defined as CFVR < 2.
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Two-dimensional images of the LV in apical long axis, two-, and four-chamber views were acquired at hyperemia. Strain and LVEF measurements were performed as described above. LV contractile reserve parameters included absolute increases of GLS (ΔGLS), LVEF (ΔLVEF), and strain rate (Δstrain rate) from rest to peak hyperemia.
Blood pressure was obtained at rest and at maximal heart rate during peak dipyridamole stress. Heart rates were extracted from the continuous ECG registered during the echocardiographic examination.
| Statistical analyses
Continuous variables with a Gaussian distribution are described as mean (standard deviation, SD), and continuous variables with a nonGaussian distribution as median (inter-quartile range, IQR). Counts in % were used for categorical variables. Normal distribution was assessed graphically.
Global longitudinal strain (GLS) and strain rate were treated as numerical absolute values in our data analyses. To investigate associations between CMD and baseline descriptive measures, hemodynamic variables, and echocardiographic parameters, women with angina were divided into three CFVR groups indicating likelihood of CMD using cutoff values of 2.0 and 2.5. 26 Age-adjusted trend tests obtained by multivariable linear and logistic regression analysis were used to evaluate the distribution of baseline descriptive measures, hemodynamic variables, and LV diastolic and systolic parameters between the three CFVR groups.
To assess the robustness of our results, subanalyses excluding participants with atrial fibrillation, participants with a poor quality CFVR examination, and speckle tracking analyses where more than 3 of the 18 segments were discarded, respectively, were undertaken.
To explore predictors of ΔGLS, stepwise multivariable linear regression analysis was performed: All potential explanatory variables with a priori-defined hypothesis including age, CFVR, baseline GLS, hemodynamic variables at rest and at hyperemia, and cardiovascular risk factors (Table 3) were tested as determinants of ΔGLS and discarded with a cutoff level of P ≥ .10. Assumptions of linearity, variance homogeneity and Gaussian distribution of residuals were assessed graphically.
Confidence intervals (CIs) refer to 95% intervals, and a two-sided P < .05 was considered significant. All analyses were performed using STATA/IC 13.1 (StataCorp LP, College Station, TX, USA).
| Ethics
This study was performed in accordance with the Helsinki Declaration and was approved by the Danish Regional Committee on Biomedical
Research Ethics (H-3-2012-005). All participants gave written informed consent after receiving oral and written information about the study.
| RESULTS
| Study population
Of the 963 participants included, 16 participated solely in the interview, and from the remaining 947 participants, 919 (97%) had a successfully measured CFVR. Participants with low CFVR were significantly older and had a higher resting heart rate. Participants with low CFVR had an attenuated increase in systolic and diastolic blood pressure during hyperemia induced by dipyridamole ( 
| Association between CMD and LV diastolic and systolic function
After age adjustment, no parameters of LV diastolic function differed significantly between CFVR groups (Table 2) .
Strain examination was not feasible in 43 (5%) participants at rest due to poor echocardiographic image quality. In age-adjusted analysis, baseline GLS did not differ between CFVR groups.
Due to symptoms during dipyridamole infusion, 103 (11%) participants did not wish to complete the examination for the additional recording of images for strain analysis. Further 48 (5%) strain examinations were not feasible at peak hyperemia leaving 768 patients for analysis of GLS during hyperemia. ΔGLS was available in 763 patients.
Global longitudinal strain (GLS) increased markedly between rest and pharmacologically induced hyperemia (P < .001). Women with CMD had a significantly lower GLS at hyperemia (P = .04) and a lower ΔGLS (P = .005). A low strain rate at hyperemia (P = .02) and a low Δstrain rate (P = .002) were also associated with lower CFVR across the groups ( Table 2 ). The higher resting heart rate in women with CMD did not explain the relation between ΔGLS and CFVR groups (see "Predictors of ΔGLS," below). LVEF at rest or the ΔLVEF was not associated with CFVR groups.
Excluding participants with atrial fibrillation (n = 21) or participants with a poor quality CFVR examination (n = 80) yielded similar results.
In speckle tracking analysis, more than 3 of the 18 segments were discarded due to poor tracking in 47% at baseline examination and 51% at hyperemia leaving 36% of examinations with a baseline and stress speckle tracking analyses with tree or less segments discarded for a subanalysis for stress-induced change in GLS. Excluding these examinations also yielded similar results. Further, results were similar when studying the GLS based on peak systolic strain and GLS calculated from the automatized EchoPAC program algorithm.
| Predictors of GLS reserve
The association between ΔGLS and CFVR is shown in Figure 1 . In a final multivariate model, predictors of reduced ΔGLS were lower CFVR, a higher GLS at rest, a higher heart rate at rest heart rate, a higher systolic blood pressure at rest and a higher proportion of patients with hypercholesterolemia ( Table 3 ). The regression model explained 21% of the variation of ΔGLS (r 2 = .21).
Including only examinations where three or less segments were discarded from analysis resulted in similar results, just as results were similar for GLS based on peak systolic strain and GLS calculated from the EchoPAC program algorithm.
| DISCUSSION
In this study of women with angina and no obstructive CAD, we found that CMD determined by CFVR < 2.0 was associated with a reduced contractile response to hyperemic stress as determined by the GLS reserve (ΔGLS). Coronary microvascular dysfunction (CMD) was not associated with LV systolic or diastolic echocardiographic parameters at rest. Heart rate at rest (beat/ min), mean (SD)
71 (12) 70 (11) 67 (9) <.001
Systolic BP at rest (mm Hg), mean (SD)
134 (22) 133 (21) 133 (22) .37
Diastolic BP at rest (mm Hg), mean (SD)
75 (23.4) 73 (20) 73 (14) .41
Heart rate at peak hyperemia (beat/min), mean (SD)
93 (14) 97 (13) 97 (14) .07
Systolic BP at peak hyperemia (mm Hg), mean (SD)
131 (23) 132 (22) 136 (24) <.001
Diastolic BP at peak hyperemia (mm Hg), mean (SD)
69 (14) 70 (13) 74 (14) <.001 CAD = Coronary artery disease; BP = Blood pressure. P < .05 is marked with bold type. *P-value from age-adjusted trend test by multivariable linear regression.
T A B L E 1 Baseline characteristics according to coronary flow velocity reserve (CFVR) group
| Association between CFVR and GLS reserve
It is pathophysiologically feasible that CMD contributes to subtle changes in the myocardial contractile function that can be unmasked by dipyridamole stress. This is likely to be most apparent using GLS, which can detect subendocardial ischemia. However, prior research in this area is sparse. One study found that the GLS reserve assessed by exercise stress echocardiography was significantly lower in women with angina, no obstructive CAD, and a positive stress test (cardiac syndrome X; n = 22) compared with healthy controls (n = 20), but CFR was not examined in that study. 27 In another study including subjects without high-grade (>70%) epicardial coronary stenosis at CAG (n = 45; 67% men), the invasively measured index of microcirculatory resistance was associated with the LV contractile reserve measured by strain imaging during dobutamine stress echocardiography, whereas coronary flow reserve measured by invasive thermodilution was not correlated to the GLS reserve. 28 T A B L E 2 Echocardiographic parameters at rest and peak stress according to coronary flow velocity reserve (CFVR) level but no obstructive CAD included in the iPOWER study. 29 This indicates that the reduced LV contractile reserve in patients with CMD is unlikely to be explained by increased myocardial stiffness (as also supported by the lack of association found between CFVR and LV diastolic dysfunction) and other factors probably play a predominant role, for example, a supply/demand mismatch of myocardial perfusion caused by CMD.
| Association between baseline GLS and CFVR
Studies in patients with obstructive CAD have found a significant association between reduced CFVR and GLS at rest. [30] [31] [32] [33] In the present study of patients with no obstructive CAD, we found no such association. A reduced CFVR usually represents a combined result of flow-limiting epicardial coronary stenosis, CMD, myocardial tissue loss, and remodeling in patients with CAD, whereas CFVR impairment in our patients could be more exclusively due to CMD. It is conceivable that our patient population generally represented an earlier stage of disease where alterations of the myocardium leading to contractile dysfunction at rest were not apparent. In potential support of this hypothesis, a study of diabetic patients (n = 22) and nondiabetic (n = 26) controls without obstructive CAD also found no association between GLS and CFVR. 34 
| Association between LV diastolic function and CFVR
Coronary microvascular dysfunction (CMD), which is present in a high proportion of patients with angina and no obstructive CAD, has also been found in many patients with heart failure with preserved ejection fraction. 16, 17 Therefore, CMD has been suggested to be linked to diastolic dysfunction and, ultimately, heart failure. [13] [14] [15] 17 This association could be a manifestation of causality or, for example, existence of shared causal factors.
In support of causality, CMD can result in repetitive ischemia of the myocardium, which could cause fibrosis and unfavorable LV remodeling. 17 However, CMD and diastolic dysfunction could also be linked by shared underlying factors such as LV hypertrophy and fibrosis caused, for example, by hypertension and other cardiovascular risk factors. 35, 36 However, as mentioned a substudy of the iPOWER multicentre study showed no association between fibrosis and CMD. 29 Thirdly, a high filling pressure could also affect the subendocardial tissue and thereby the microvasculature causing CMD. However, in the present study of patients with no obstructive CAD, we found no association between CMD and filling pressure. In patients with CAD (n = 40), heart failure with reduced LVEF (n = 47), and in patients with diabetes (n = 67), CMD has been shown to correlate with indices of LV diastolic dysfunction or/and high LV filling pressure. [37] [38] [39] Further, a study including patients with angina, no coronary artery stenosis, and preserved LVEF showed that those with diastolic heart failure (n = 155) had a more impaired coronary microcirculation determined by angiographic indices than those without heart failure (n = 131), although the authors did not adjust for differences in cardiovascular risk factors between groups. 14 In this present study investigating a cohort of symptomatic women with normal LVEF, the number of patients with severe diastolic function was very low. Maybe 
| Strengths and limitations
The present study included a large cohort of women with angina and no obstructive CAD that were consecutively recruited. Noninvasive CFVR examination with dipyridamole as the pharmacological stressor examines endothelial independent coronary microvascular function, and we did not assess endothelial-dependent responses due to ethical and logistic concerns.
| CONCLUSION
In women with angina and no obstructive CAD, the GLS reserve was significantly lower in those with CMD. The mechanisms underlying the association between CMD and GLS reserve warrant further study.
